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INTRODUCT ION

It is well known that the effects of ifonizing radiation on a biological
system are not only dependent on the energy delivered to the system, 1.e., the
total dose, but also on the spatial distribution of that energy. There have been
many studies of relative biological effectiveness (RBE) between radiations of
different rates of energy lose or linear energy transfer (ILET) (1, 2), but
there are only e few instances in which the same blological system has been studied
gystematiocally with a wide renge of radiations., In the investigation reported
here cell survival of the haploid yeast, Saccharomyces gerevisise, was studied
for LET walues ranging between 2 and 500 kev per micron. It is not possible to
obtain such high and uniform values of LET with conventionsl radiations such as
polonium alpha particlea, Furthermore, the doase is uncertain near the Bragg
jonization peak, where the LET varies rapidly with sbsorber thickness. Hence
for this study we used the beams available at t he Berkeley 60-inch cyclotron:
20-Mev deuterons, 40-Mev alpha particles, end 120-Mev carbon nuclei with mase
12 and charge 6 (3), in addition to x-rays and polonium alphe particles.

For any study of relative blological effectiveness it is essential to have
accurate dose measurements for all the radiations used., The successful measure-
ment of dose from a cyclotron beam dependa on a series of physical measurements
to determine the beam characteristica, For this purpose equipment was designed
to measure Bragg ionization curves and particle ranges as & function of absorber
thickness, and a special ionization chamber was bulll to measure the dose to
biological samples., Special emphasis was placed on the work with the carbon
particles because of their uniqueness and the difficulties inherent in their use.
The first paper of this pair deals with the physical problem of determining the

linear energy transfer and the doses delivered by the various cyclotron beams.
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The second paper describss the biological expsriments and their results, ine
cluding additional data obtained with 50-kv and 220-kv x-rays, as well as Pool0
alpha particles,

Because the frequency of the 60-inch cyclotron is fixed, the resonance
conditions for accelerating particles of glightly different charge~to~mass ratio
are satisfled by adjusting the magnetic field. For ions that originste with their
full charge at the ion souwrce —- e.g. deuterons and alpha particles -~ the
resonance peak is sharp and the machine can be adjusted to give a known beam with
only a small spread in energy. For carbon ions, howsver, the voltages inthe ion
source are not sufficlent to strip off all the electrons, Since the cyclotron
resonance conditions are met by carbon ions with a charge of 2 as well as by those
with a cherge of 6, it is believed that the ions to be accelerated leave the ion
source with a charge of 2 and are converted to a charge of 6 after gaining some
energy (4). As a consequence, the magnetic-field resonance for carbon ions is
not & sharp peak in the position expected from calculations of the charge-to-mess
ratio, but is a very broad maximum that overleps the sharp resonance peak of the
alpha particles, Hence the mean energy and energy spread of carbon particles in
the external beam are determined by the position and width of glite in the ex~-
ternal equipment, which in our experiments was located in the fringing magnetioc
field of the cyclotron. During each run measurements were made to determine the
beam energy and hence the LET, and to be sure that the number of alpha particles
mixed with the carbon ions was negligible. Messurements were also made to de-
termine the intensity distribution of the bsams to ensure eadequate uniformity
over the area of the blological samples. Various other checks were made to

provide accurate dose msasurements for sach run.
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EXPERIMENTAL ARRANGEMENT
Figure 1 shows a schematic plan view of the cyclotron with our equipment
for using the external beame., The ions originally formed at the ion source, Is’
are accelerated by the oscillating electric field between the dees, and are held
in spirsl trajectories by the magnetic field of the cyclotron. Those particles
which come down the deflector channel with suitable energy pass through the series

of adjustable slits, Sl’ 82, and S_, which are needed to exclude particles of

33
unsuiteble energy or charge-to-masa ratio. The beam passes out of the vacuum
system through the thin durel window ¥ into the monitor ionization chamber Il,
thence through the aluminum absorbers controlled remotely in the pair of selector
vheels, and finally through the analyzer ionization chamber IZ' The sample to
be irradiated is placed behind the second ionization chamber., The position of
the evacuated snout and the attached ionization chambers can be adjusted remotely
in a horizontal plane by bending the two sylphon bellows, Bl and 82, and in »
vertical plane by raising or lowering the supporting 1/4~inch durel plate with
adjustment screws. Thus the equipment can be moved to center the beam in the
ionigation chambers., In Fig. 2 is shown a photograph of this equipment in place
between the magnet coils of the cyclotron,

For measuring the renge and specific ionizatiom of the oarbon particles,
ionization chambers were constructed in which individuval particle pulses could
be counted, The beam passed through the ionization chambers in a dirsction
parallel to the collection of charge, so that a uniform pulse height was produced
by particles passing through different parts of the chember., The monitor ioni-
gation chamber, Il,
29/32 inches apart, with an effective area 1-1/4 inches in diameter. Teflon

oongisted of two 0.00025-inch-thick aluminum foils, spaced

insulation and & grounded guard ring between the high-voltage foil and colleector

foll minimized leakasge curreats. The chamber was housed in a brass cylinder
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vhich also supported the coaxial connectors to the high-voltage supply and to
the electronic equipment.

For much of the work the analyzer ionization chamber was identical to the
monitor chamber. The best results were obtained, howsver, with a pair of analyzer
chambers. The first analyzer chamber, oaly 1/8-inch thick, was used for inte-
grating the totsl charge produced. Such a thin chamber gives good resolution for
reasuring the average specific ionization produced by the particles, An adjacent
thick chamber with 0,82-inch spacing was used for counting individual perticle
pulses, Ths large collection epace was necegsary in order thet an individual
particle would produce enough ions to bs counted as a pulse above the noise level
of the elsctironic equipment., The iwo chambers were separated by a thin aluminum
foil, weighing 1.6 mg/cmz. In these chambers the collector foil was placed
between a pair of high-voltage foils, and was constructed of aluminum leaf,

0.12 mg/cm2 in thickness. The voltage on the foils was adjusted so that the
olectric field was the gsame in all parts of the chambers,

The oharge collected in each ionization chamber was determined by measuring
the .voltage produced across a known capacitance or resistance with an integrating
elactrometser. Since the electromster held the collector plate effectively at
ground potentisl, a constant voltage was supplied to the ionization chamber. At
the same time the total charge or lonization current was belng measured, the
individuwel pulses were fed through a low-capacity cable and blocking condenser to
a preamplifier located just outside the magnetic fleld of the oyclotron, snd
into & linear amplifier and scaler. A Tektronix oscilloscope was used to monitor
the output pulses visually.

Té6 minimize problems of ion recombination and assure fast electron col-

lection, the formation of negative ions was prevented by flowing dry nitrogen
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gas through the ionization chambers at a slow rate. Curves of ionization cur-
rent as a funotion of collection voltage showed that with a voltage gradisnt of
1000 volis per cm the chambers were being operated in the region of saturation,
where s negligible number of icns was being lost by recombination. . Rypieal
voltage saturation curves nghoun in Fig. 3. Observation of the heights and
shapes of individual particle pulses as functions of ccllection voltage showed
thet the charge was collected in a time shorter than the amplifier rise time, end
supported the conclusion that fast electron collection was meintained at the
voltages used,

The counting rate for a given amplifier géin is a function of the discrim-
instor-bias setting on the scaler. For both ionization chambers a curve of
counting rate as a function of bias setting showed a broad plateau, approximately
20 volts wide, where amplifier noise pulses were excluded but carbon-mrticle
pulses were counted., Although special precautions were taken to minimize amplifier
noise, caloulations showed that a particle had to loose nearly 1 Mev in the
ionization-chamber gas in order Lo produce a pulge barely visible at the lower
end of the plateau curve. The final bias seliings used were far enough up on the
plateau so that a small shift in bias volilage would produce a negiigibla change
in counting rate; the settings for different runs corresponded to energy losses
between 1.5 and 2.5 Hev.

Because of the fringing mgnetic fiseld of the oyclotron, the various beams
were confined to a vertical dimension between 1/8 and 1/4 inch, but extended
horizontally across the full 3/4 inch sllowed by the defining aperture S3 in
Fig. 1. OSince it is important to have the radiation s&s nearly as possible uni-
form in intensity over the biological sample, a profile-scanning apparatus was
used to measure the intensity distribution of the cyolotron beams, This apparatus

consisted of & movable aluminum flag, 1/1é-inch thick, with a 1/32-inch eimesmiee
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circular aperture at the center, and was inserted between the absorber wheels

and the second jonization chamber, The flag could bes moved by remote control
from outside the cyclotron target arsa. For each experiment a series of beam
profiles was taken, each consisting of a plot of relative beam intensity as the
scanning aperture was moved horizontally or vertically across the radiation field.
Figures 4 and 5 show profiles of the carbon and alpha-particle beams obteined in
this menner. The peéulifar pttern shown in Fig. 5 was apparently related to

the coperating conditions of the cyclotron, and was most persistent forthe alpha
particles. For carbon particles, which exhibited a very broad cyclotron rescnance,
such a nonuniform pattern was avoided by adjustment of the position of the ex-
“ternal equipment,

Because of the peculiar distribution of the beam, 1ts alignment with respect
to the biological samples was critieal; therefore e special quadrant ionization
chamber was constructed for measuring the dose and indicating the beam slignment
during the actual biological irradiations. The design of this plane parallel
chamber, 17/32 inch deep, was basically similar to the momitor iomization chamber,
exocept that the collector foil was divided into a central region — smaller than
the dimensiona of the beam ~- and four surrounding quadrant plates, shown sche-
mtically in Fig. 6. The area of the central 0.0005-inch aluminum collector foil,
very neary a rectangle 13.4 mm wide by 3.8 mm high, was measured accurately with
e traveling microscope, and served to define the collection volume used in the
dose calculation, The biological sample consisted of cells plated on the surface
of an agar block 9.9 mm by 2.6 ntand wes sraller in erea then the collector foll,
The sample was accurately positioned just behind the foil (see Fig. 7). The
four guadrant electrodes were made of s conducting layer of silver paint on teflon

backing. When the ionisation current collected from the top quadrant equaled that
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from the bottom, and the current from the left equaled that from the right, the
beam wee assumed to be centered over the collector end hence over the biological
sémple. Since the beam had to be turned off while the samples were changed, it
wag important to check the beam alignment during each bombardment. As with the
other chambers, a continuous flow of dry nitrogen gss was maintained., For each
experiment a curve of lon current as & function of collection voltage (Fig. 3)
showed that the chamber wes being operated in the region of saturation for the

collection voltage of 2000 volts,

PHYSICAL MFASUREMENTS

In order to do practical biological experiments with the external beam of
carbon particles, it was necessary to use the meximum beam obtainable,which
gave dose rates around 1000 rads per min., To obtain the meximum beam, and because
of variations in cyclotron operating conditions between different runs, many
measurements and adjustments had to be made during each run before the beams 6ould
be used for irradistion of biclogical materials.

At the beginning of each eyoclotron run, the equipment was set up in the
position used in the preceding run, and the beam intensity wes measured as a
funetion of cyclotron magnetic field (Fig. 8). The carbon particles, identified
by observation of their pulse heights and ranges, were found to lie in & broad
resonance, Toward higher mgnetic fields they overlapped the sharp resonance
of alpha particles accelerated from residual helium ges in the oyclotron tenk,
and toward lower mgnaetic fields they disappeared into a group of carbon particles
of unknown trajectory that were not sensitive to the voltage on the cye¢lotron
deflector. For bombardments with carbon ions the magnetic field was adjusted
to give the maximum deflected beam of carbon particles with a minimum of alpha

particles. The ionization produged by the spurious alpha particles was measured
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by inserting sufficient absorber to stop all carbon particles. During bombarde
ments fréquent checks were made; the ionization due to alpha particles wes kept
to & maxinum of 1% of the total, and was usually considerably lower,

After the cyclotron megnetic field was adjusted properly, a radiocautograph
of the beam was obtained to show what adjustments should be made in the the posi-
tion of the snout and ionization chambers in order to center the equipment on the
beam and to give a visuel estimate of the intensity distribution, Small x-ray
films, ﬁrapped in 0,000S-inoh aluninum foil, were exposed to the beam by placing
them in the blank position of the absorber wheel behind the first ilonization
chamber,

When the beam alignment was satisfactory, a Bragg ionisation ocurve was obe
tained by plotting the ratio of charge collected inthe analyzsr lonization chamber
tot hat collected in the monitor chamber as a function of the absorber thickness
between the two ionization chambers. Simultaneously, individual particle pulses
were counted in the two chambers, and a range curve was obtained by plotting the
fraction of particles penetrating the absorber as a function of its thickness.
Range and Bragg curves obtained in this manner are shown in Fig. 9. As explained
above, the particles were actually counted in & thick chamber separated by a thin
aluminum foil (1.6 mg/cm?) from the chamber used in obtaining the ionization curve.
Furthermore, with the discriminator settings used for these data, & minimum
energy loss of 2.0 Mev was required in the second ionization chamber in order
for a particle to be counted. It is estimated that this corresponds to a residual
range for carbon particles of 0.6¥0.2 mg/bm2 of aluminum, The collector foils
of aluminum leaf and the gas of the ionization chambers accounted for an addi-
tional 0.4 mg/om2 between the two analyser ioni;ation chambers. Hence in the

range curve of Fig. 9 an additional absorber thickness of 2,6 mg/bm? has been
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added to each measured value in order to make the range curve ocorrespond to the
Bragg ocurve.

From the simulteneocus collection of charge and the cocunting of particles in
the fonization chambers it was possible to compute the average charge produced
per particle, When this velus was compared with that calculated for a carbon ion
in nitrogen, the discrepancy of 2% wes well within the expescted uncertainty of
= e,

Becauge of the finite resolving tims of the electronic equipment, for
counting individual particle pulses it was necessary to limit the beam intensity
to approximtely 1/500 of that used in the biological experiments. Various
attempts were made to lower the beam intemsity by chenging cyclotron operating
conditions, with the hope that a low-intensity beam could be obtained with the
same 8lit widths as the maximum-intensity beam used in the biological experiments.
A comparison of the Bragg ionigation ourves showed that this was not possibvle,
however, and the best physical data were obtained during runs in which bioclogical
irradiations were not attempted. For the data in Fig. 9 a 1/8-inch-diameter
aperture was inserted in front of the first ionization chamber, and ths first two
slite were narrowed until & reasonable counting ra§§ was ;Sserved. By comparing
the range and Bragg curves msasured simultaneously under different cyclotron
running conditions and at different slit widths, the mean range of the oarbon
particles was found to correspond to a point on the Bregg curve of 0.45 T ,30
times the maximum lonization., For the high-intensity beams used in the biological
irradisations, for which individual particles could not be counted, this ordinate
on the Bragg ocurve was used to determine the mean range and hence the energy and
LFT of the carbon particles,

While data for the range and Bragg curves were being obtained, partiocle

pulses were also observed on the oscilloscops., The uniformity of pulse height
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for small absorber thickness showed that the particles had a uniform average LIET,
As a result of range straggling, however, pulses of all heights wers produced
near the peak of the Bragg curve and beyond, Care was taken that the cell
bombardments were made in the region of homogeneoua LET,

After the messsuremsnt of range and Bragg ocurves was completed, the prcfile-
scanning apparatus was inserted in front of the second ionization chamber, and
the intensity distribution of the beam was obtained with the wide alits to be
used for the cell bombardments, On the basis of these data further adjustments
were mede in the alignment of the spparatus, When the bean characteristice were
congidered satisfactory, the second analyzer jonization chamber was replaced by
the dose-measuring quadrent chambervdeseribed above, and a fine adjustment was
made in position in ordep to balance the donization currents collected in the
quadrants, Subsequent checks of beam centeoring were made frequently throughout
the experiment., At this point the voltage saturation curve was checked, and a
Bragg donizatlion curve was obtained with the dose-measuring chamber in its final
geometry. For bombardment the bioclogical samples, each consisting of a monclayer
of ecells plated on a block of agar, were placed in turn on & special receptacle
just bshind the ionization chamber. After the samples were irradiated, the

Bragg-curve measurement was repeated and the tempsrature was determined.

CAICUIATION OF DOSE AND LET WITH ESTIMATED UNCERTAINT IES
For determination of the dose delivered to the ocells, the quantity actually
measured was the voltage produced on e condenser by the charge collsoted from en
ionization chamber. For each volt measured on the integrating electrometer, a
doge D (in rads) was delivered to the cells, where D was calculated by the

equation
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CW8yKP 10 |
D= rads/volt.

Ve

In this expression C is the capacitance of the integrating condenser in farads,
W 18 the energy in ev per ion palr for the formtion of ions in dry nitrogen, S,
is the relative mass stopping power for the cell composition relative to that of
nitrogen, K is the Bragg correction due to the stopping materiasl located between
the dose-measuring chamber and the irradiated cells, P is the correction for the
nonuniformity of the beam, V i3 the wvolums of the ionization chamber in om3, and
§ 1s the density of the ionization-chamber gas in g/cm3 . The factor 105 comes
from the conversion of units intoc rada, since 1 joule per gram is 10° rads. The
quantities for each experi.m{eht with eatimated standard Qe.ﬁations ere given in
Table I; their values are'iaiscusned below. |

The nmost certain que.n_;t;ities in the dose measuiement are the values C of
the integrating capaoita5¢3b (which were calibrated with an error of X 0.5%), the
sensitive volum V of the ﬂmimtion chamber (0.677* 0,010) and the density e
of the gas (for which a ?emperature variation of ¥ 19 was assumed). Together
these uncertainties contribute less than 2% to the resultant standard error.

The correction fact;or P takes aocount of the nonuniform intensity distri-
bution of the beam end ;the fact that the sample area is syaller than the area over
which the dose is maa;med. The valus of P was found by integrating the beam
intensity graphically jfrom profiles such as those in Figs., 4 and 5. The estimated
uncertainty in P allo;j:s for veriations in the position of the aampla' relative to
the observed profile! "’and for uncertainties in the dimensions of the sample. In
additioni® COLUM 7 0 Teble Lo oio b vt vartation in bean fn-
tensity over the saj&ple. This figure was obtained by taking the high and low

points of the beam %ptofiles relative to their average, Even for the large

i
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variation observed with alpha particles, this nonuniformity has small effect
upon an exponential survival curve for survival levels above 5.

The Bragg correction factor K is the ratio of ionization produced in
nitrogen in the position occupied by .the cells to that messured in the chamber,
For each experiment it was determined graphically from a Bragg curve (similar to
that in Fig. 9), measured with the quadrent ionisation chamber just before or
after the cell irradiation. The uncertainty in K was estimated from the con-
aistency among different Bragg curves obtained during ﬁhe same experiment, as well
as the uncertainty in the thiokness of absorber between the center of the ifonizetion
chamber and thé center of the cells. The mmterial betwean these two positiouns
consisted of half of the gas .of the ionization chamber (0.79 m/esm2 Nz), the
collector foil (3.56 % 0.04 mg/ex® Al), the air between the collector foil and
the cells (0.48 0.10 mg/cm2 air), and half the cell diamster (0.25 % 0.12 mg/om2
tissue). The total iz equivalent to 5.44 % 0.33 mg/cem;2 of Al.

In order to convert the ionization produced in a gas to cellular dose it is
necessary to multiply by the energy per ion pair W and the relative mess stooping
pover Sm’ These quantities, as well as the linear ensrgy transfer (LET), are
functions of particle velocity., Hence it, is necessary to determine the energy of
the particles used in each expsriment,

In the case of deuterons and alpha particles, for which individual particles
could not be wunted, the particle ranges were obtained from the measured Bragg
curves, For the particular beams used here, we do not know what point on the Bregg
curve corresponds tc the mean range of the particles; hence the limits of error
in the meassured range were set by the peak of the Bragg curve on the one haknd and
the extrapolated ionization range on the other. Then the particle energies and
the values of LFT were obtained by using the reange-snergy ourves of Aron, Hoffman,

and Williams (5). The large uncertainty allowsd in the range measurement produces



-15 - UCRI1.-2293 Rev
Part 1

small errors in S and LFT, sinéa both quantities are slowly varying functions of
particle energy.

In the case of carbon particles, the physical measurements in the previous
section indicated that the mean range corresponded to a point on the Bragg curve
of 0.45 % 0.30 times the maximum ifonization. Since there are no published range-
energy curves for carbon particles in aluminum, & semiempirical curve was con-
structed from the caloulations by Smith for protons (6). The range extension
due to charge pickup was estimated as 7.5 2,5 mg/cm2 from the data of Miller (7)
snd Barkss (8) for nuclear emulsion., The uncertainty in our range measurement
was considerably larger than the error in the range-energy relation. For carbon
particles, the uncertainty in the range measurement introduces a substantial
error in the linear enérgy transfer. Fortunately the LET doea not appeer in the
dose calculation; the corresponding error in Sm 48 less than 1% and 1s smmll
compared with errors from other sourcea. The ocurves calculated by Snyder and
Neufeld (9) were used to give ithe LET values in Table I for high~energy carbon
ions, For these energies, where the stfipped nuclear charge of six mmy be assumed
(10), the values are in good agreement with those obtained from the semiempirical
eurves for protons (5, 11, 12).

For both alpha particles and carbon ions, the LET for each high-absorber
g)oint was obtained from the low-absorber value by taking the observed ratio
of ionization for the two absorbers, with suitable corrections between tissue
and nitrogen. The particle energies were then obtained from the energy-loss
curves (5, 9) and were found to lie within the values obtained fromthe range
estimates.

For each particle energy, Colum 10 in Table I gives the enérgy per

nuclson, i.e,., the energy of a proton traveling with the same velocity. For
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each proton energy, the value of the relative msss stopping.pouer Sm w8 ob-
teined from semiempirical curves (5, 12) as explained in Bifga, Anger, and Tobias
(11), but modified to fit the experimental data for the stebping power of water
end nitrogen at low energies (13, 14, 15). The érrors assigned to Sy in Tabae I
allow for the rather large discrepanoy between the caloulated and experimentaﬂ
values of the stopping power of nitrogen for protons below 1 Mev, in addition\

i

to the estirmted uncertaintiss of ¥ 2% each in the emlculated values for uater%
. . 3
and nitrogen. The elemental composition used for yeast cells was 9.9% hydrogen.

11.5% carbon, 4.7% nitrogen, 72.3% oxygen, 0.03% sodium, 0.06% magnesium, {i

0.02% giliocon, 0.6% phosphorus, 0.06% sulfur, 0.8% potaaium, and 0.04% caleium
(16, 17, 18). For the caloulation of the energy loss of fast particles there
is 8 negligible difference between this composition andéthat glven by Leﬁ for
gsoft tissue (19). Both yeast and soft tissue have thg ;ame effective excitation
potential as water, but they have 1% fewer elesctrons ée; gram. Hence the
stopping poser for these compositions is 1% less thanitﬁat of water for particles
of all energies (11). .
For all particle energies above 2 Mev per nucleon éhe value of W for dry
nitrogen wes taken as 34.8 * 0.9 ev per ion pair (11, 26? 21, 22, 23). For
the slow alpha particles { Experiment 1 b ) the value W : 35.1 was used (11).
For each experiﬁsnt Ehé last two columns in Table I}give the cajculated
doge in rads per volt and(the eatimated percent standardigaviation. The re-
sultant error was obtained by swming the squares of the %ractional errors for
all the factors in the calculation (24). The resultant egrora range from 4.5
to 8.8%. It should be noted that since the same expnrimental arrangement was
used for all the cyclotron irradiations, some of the errorg would be expeeted
to cancel out inthe calculationa of relative biological effgctiveness. of

course this doea not apply to comparisons with other radi&tibna.
\

j ]

5
!
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SUMMARY
The experimental apparatus used for the irradiation of yeast cells with
cyclotron beams of 20-Mev deuterons, 40-Msv alpha particlss, and 120-Mev carbon
nuclei is described. The physical measurements neceasary for an accurate
determination of dose and average LFT are also described. The dose calculation
from ionization-chamber measurements is given, along with the estimated un-

certainties that produce an over-all error ranging between 5 and 10%.
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FIGURE CAPTIONS

Schematlc plan view of the cyclotron and the equipment used

for biological experiments.

Photograph showing the irradiation equipment connected to the exit
port of the cyclotroen.

Typical voltage seturation curves for t he dose-measuring quadrant
ionization chamber.

Profiles of the carbone-particle beam used in Experiment 2.
Profiles of the alpha-particle beam used in Experiment 1.

A schematic diagram of the quadrant ionization chamber plates
connected to the eleotrometers.

Schematic diagram of the dose-messuring quadrant ionization chamber
showing the position of the biolegical sample relative to the
eyclotron beam,

A graph of the ionization-chamber current as a function of the
current in the cyclotron mgnet coils.

A Bragg ionization curve and range curve for carbon particles.
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Table I

DOSE CALCULATION FACTORS FOR THE CYCLOTRON BEAMS

1 2 3 4 6 7 8 9 10 11 12 13 14
Experi-| Bom- Absorber [Integrat- {Density Profile Beam Bragg Particle | Energy |Relative mass | Average LET| Dose |Error
ment barding | thickness |ing capac- {of NZ gas | correction | uniformity! correction |energy per stopping power in cells D in dose
number | particle 2 itan%e C 3 factor over factor at cell nucleon | S tissue to 2 (rads/

(mg/cm Al){(10-®farad) (mg/cm ) P sample K {(Mev) (Mev) N, (Mev cm /g) volt) j{percent)

la Alpha 56.3 1.095 1.138 1.00 +0.05 +22% 1.022x0.011{ 26.8+£0.7| 6.7+0.2 {1.153+0.036 258+ 6 5850 6.7

1b Alpha 130.3 1.095 1.138 1,00 +0.05 +22% 1.340+0.050; 5.940.8} 1,5+0.2 | 1,21040.067 850100 8130 8.8

lc Deuteron| zero 1.095 1.138 1.020+0.015} =14% 1.00 £0.00 | 19.1+£0.5| 9.6+0.2 { 1.144+0.033 48+ 2 5790 4.5

2a Carbon zero 1.095 1,127 1.024+0.005) + 4% 1.099+0.008! 65 2 5 | 5.4+0.4 | 1,161+0.039 2680%300 6550 4.6

2b Carbon 13.4 1.095 1.127 1,02440.005 | = 4% 1.298+0.033{ 30 410 | 2.5+0.8 { 1.186+0.051 44504540 7900 5.9

3a Carbon zero 1.057 1.150 1.027+0.010| = 6% 1.067+0.016| 67 =5 | 5.6+0.4}1.159+0.038 2600200 5990 4.8

3b Carbon 16.1 1.057 1.150 1.027+0.010; %= 6% 1.353+0.027{ 24 * 9 | 2.0£0.7 | 1.194£0.056 5080460 7840 6.1
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